Understanding the factors that determine the geographic range limits of species is important for many questions in ecology, evolution and conservation biology. These limits arise from complex interactions among ecology and dispersal ability of species and the physical environment, but many of the underlying traits can be conserved among related species and clades. Thus, the range limits of species are likely to be influenced by their macroevolutionary history. Using palaeontological and biogeographic data for marine bivalves, we find that the range limits of genera are significantly related to their constituent species richness, but the effects of age are weak and inconsistent. In addition, we find a significant phylogenetic signal in the range limits at both genus and family levels, although the strength of this effect shows interoceanic variation. This phylogenetic conservatism of range limits gives rise to an evolutionary pattern where wideranging lineages have clusters of species within the biogeographic provinces, with a few extending across major boundaries.
INTRODUCTION
Biologists have long sought to understand the factors that determine the northern and the southern range limits of species because the topic is central to many ecological and biogeographic questions (Gaston 1990 (Gaston , 2003 Holt 2003; Parmesan et al. 2005) . However, the determinants of range limits of most species remain poorly understood, primarily because such limits arise from complex interactions among a large array of physical, biotic and historical factors (Holt 2003; Parmesan et al. 2005; Goldberg & Lande 2007) . Empirical analyses of species range limits have mainly focused on the correlations between aspects of the physical environment (e.g. temperature) and species distributions (Gaston 1990 (Gaston , 2003 Holt 2003; Parmesan et al. 2005) , and such relationships are being quantified for an increasing number of species ( Jeschke & Strayer 2008) . Theoretical studies of range limits, on the other hand, have explored how biotic parameters such as gene flow, local adaptation, species interactions and dispersal can interact with the physical environment to set species range limits (Caughley et al. 1988; Kirkpatrick & Barton 1997; Holt 2003; Case et al. 2005; Goldberg & Lande 2007) . These models consistently highlight the importance of microevolutionary processes (Holt 2003; Goldberg & Lande 2007) , but empirical tests of their predictions are still rare (Davis et al. 1998; Angert & Schemske 2005; Sanford et al. 2006) . How macroevolutionary processes set or constrain range limits has received even less attention, as the majority of existing studies, empirical and theoretical, focus on single species or a few closely related species.
The many factors potentially interacting to set species range limits can be divided into three general categoriesspecies niches, dispersal and spatial variations in the environment (Brown & Lomolino 1998; Holt 2003) . Both species niches and dispersal ability have been shown to be phylogenetically conserved in some groups (see Chazdon et al. 2003 and Wiens & Graham 2005 ) although this effect is certainly not universal (Knouft et al. 2006; Pearman et al. 2007 ) and may be difficult to detect Losos & Glor 2003) . Dispersal is particularly relevant for marine invertebrates where it may play an important role in constraining species' range limits (Gaylord & Gaines 2000; Byers & Pringle 2006; Sanford et al. 2006) , and the variety of larval and other traits that determine species' dispersal abilities tend to be conserved at the level of higher taxa (Hunt et al. 2005; Jablonski et al. 2006b; Bradbury et al. 2008) . Local and regional abundances of species, also important determinants of species range limits, can also be influenced by phylogeny ( Webb 2000; Webb et al. 2002; Kelly et al. 2008) . Similarly, biogeographers have long recognized that regional species assemblages often consist of groups of closely related species (Pielou 1977 (Pielou , 1978 , a pattern that also emerges when regional distributions of species are overlain on molecular phylogenies (e.g. Richman Fitzpatrick & Turelli 2006) . Furthermore, in some cases, distributions of individual species can be predicted from the ecological characteristics of their sister taxa (Peterson et al. 1999) . In general, there is a growing recognition that macroevolutionary history can play an important role in determining the spatial distributions of species and structures of communities (McPeek 1996; Webb et al. 2002; Chazdon et al. 2003; Cavender-Bares et al. 2006; Kraft et al. 2007 ). However, large-scale empirical analyses of how evolutionary history affects species range limits are still lacking.
It is important to recognize that focusing on the macroevolutionary scale does not negate the role of ecological and microevolutionary processes long considered to be the key determinants of species range limits. Those processes are indeed likely to be the proximate causes of species range limits, albeit interacting in complex ways whose strengths probably vary among taxa ( Jablonski & Hunt 2006) . Ultimately, however, the deeper evolutionary history determines how traits that underlie these proximate processes vary among species and thus needs to be taken into account for a better understanding of the causes of species range limits.
The range limits of any clade are obviously set by the maximum latitudinal and longitudinal limits achieved by its constituent species, and every clade starts with its range limits defined by that of a single species. As the clade ages, its range limits as well as those of the constituent species change as new species evolve and achieve their geographic distributions, existing species go extinct and the range limits of individual species shift in response to changing environments. The range limits of the living clades and species within them are thus a result of all of these historical processes and ultimately reflect how ecological, physiological and life-history traits interact and evolve to determine these limits. In this paper, we explore how evolutionary history influences the range limits of species and clades by evaluating (i) the relationship between the distributional limits of a clade and its age and species richness and (ii) whether the distributional limits of species are phylogenetically conserved (i.e. whether the range limits of closely related species are more similar compared to those that are more distantly related). These relationships address two issues that have previously been explored in the context of range sizes but not for range limits. Palaeontological data suggest that the geographic distributions of the clades (genera), and hence their distributional limits, increase over time (Miller 1997; Jablonski et al. 2006b; Finnegan et al. 2008) , but whether such changes primarily result from speciation into new regions as the clade diversifies or from the expansion of ranges of existing species remains poorly known. Similarly, there has been considerable discussion about the extent to which the range sizes of species are phylogenetically conserved (Pielou 1977 (Pielou , 1978 Jablonski 1987 Jablonski , 2008 Ricklefs & Latham 1992; Webb & Gaston 2003 , 2005 Hunt et al. 2005; Jones et al. 2005; Fitzpatrick & Turelli 2006; Jablonski & Hunt 2006; Mouillot & Gaston 2007; Waldron 2007) , with a substantial phylogenetic signal documented by multiple studies. However, range limits have so far received little attention in this context. Even though these are related questions, it is important to note that a phylogenetic signal in range size does not necessarily imply that range limits are also phylogenetically conserved (two species can have exactly the same range size but different limits).
In considering the distributions of species within a given clade, we can define three scenarios: (i) the range limits of closely related species diverge from each other during speciation or subsequently (figure 1a), (ii) the range limits of closely related species are similar to each other (figure 1b), and (iii) the range limits of sister species are similar to each other but diverge between different sister species pairs (figure 1c). Scenario (i) leads to poor correspondence between the range limits of clades and their constituent species as would be expected if ecological niches, dispersal abilities, physiological tolerances and other limit-setting properties are not phylogenetically conserved (i.e. species evolve individualistically). Scenarios (ii) and (iii) are based on different levels of phylogenetic conservatism of limit-setting traits, leading to a perfect correspondence between the species and clade range limits in (ii) and a conservatism of range limits at the level of sister species but not a good correspondence between the species and clade range limits in (iii). Of course, real-world patterns are likely to be more complex than these hypothetical scenarios. Nonetheless, they provide a conceptual framework for examining how diversification of species within lineages constrains the distributions of lineages themselves.
We explore these questions using marine bivalves as a focal group and integrating the estimates of stratigraphic ranges of genera from the fossil record with the distributional data for living species on a global scale (5132 species in 854 genera) and, at higher spatial resolution, along the northeastern (NE) Pacific (921 species in 400 genera) and western ( W ) Atlantic (883 species in 319 genera) coasts. These two coastal databases share 218 genera but only 183 species. We focus on the northern and the southern distributional limits of species simply because the information for those is currently more reliable than those for longitudinal limits. Molecular phylogenetic analyses are starting to provide a more refined picture of the relationships among the deep nodes of the bivalve tree ( Taylor et al. 2007; Giribet 2008) , but the relationships at or near the tips of the tree (i.e. among species and genera) have been resolved for only a handful of bivalve clades. Consequently, given the spatial scales of our analyses and the number of taxa involved, analyses using a well-resolved phylogeny are not possible at present. Instead, we use the taxonomic hierarchy (following a standardized taxonomic scheme; see below) as an indicator of phylogenetic relationships, and test for phylogenetic effects by comparing the range limits of species within individual genera with those across different genera. For some questions, we also repeat the analyses at the family level. This approach remains the best choice for groups where well-resolved phylogenies are not available (Harvey & Pagel 1991; Ricklefs & Nealen 1998; McGill 2008) and assumes that the relationships between individual taxa are unresolved (i.e. they represent a polytomy), which should make any phylogenetic signal in our data conservative. We use genera (including subgenera, which we elevate to genus rank here; Jablonski et al. 2006b) as operational phylogenetic units because they are fairly stable units and morphologically defined molluscan genera map well onto molecular phylogenies in most instances ( Jablonski et al. 2006a) . Finally, some of the analyses presented here take advantage of the excellent fossil record of marine bivalves, which provides direct estimates of the divergence times of genera ( Jablonski et al. 2003 ( Jablonski et al. , 2006b ).
MATERIAL AND METHODS
(a) Databases Our global, NE Pacific and W Atlantic databases for living bivalves, along with the database on first occurrences of genera in the fossil record, are described in the electronic supplementary material.
(b) Statistical analyses We explored the relationship between the range limits (in degrees latitude) of a genus and its age and species richness using multiple regressions (the data for age and species richness were natural-log transformed). For the analyses of species range limits within and among genera, we focused on two of the best sampled coasts in the worldthe NE Pacific and the W Atlantic (Roy et al. 2000 (Roy et al. , 1998 . In each case, we computed the differences between the species range limits (in absolute degrees of latitude, separately for the northern and the southern limits) within individual genera as well as between the species in different genera, and used the difference in the medians of these two distributions (betweengenus differences minus within-genus differences) as a test statistic. If range endpoints are not conserved within the genera, the within-and between-genus distributions should be similar, and the test statistic should be close to zero. Conversely, if endpoints are conserved, we expect large positive values of the test statistic, reflecting systematic differences between the genera. We assessed the significance of this statistic by comparing it to a null expectation generated by randomly assigning species to the genera. Randomizing taxonomic affinities preserved the observed distributions of range sizes as well as range limits, so that the difference between the observed and expected values of the test statistic reflects the phylogenetic component. Because the genera of marine bivalves represent relatively small clades (median species : genus ratio in our global data is 3), we repeated the same analyses at the family level to explore the effects of the taxonomic scale. We also used a nested analysis of variance (Harvey & Pagel 1991; Ricklefs & Nealen 1998; McGill 2008) to explore how the variance in species range limits is partitioned among the taxonomic levels. Species were nested within the genera within families and each level was treated as a random effect. In addition, for the northern range limits along the NE Pacific and the W Atlantic, we also computed two commonly used metrics for phylogenetic signal: l ( Freckleton et al. 2002) and K (Blomberg et al. 2003) , using taxonomy to provide a crude proxy for phylogeny. Together, these tests can differentiate between figure 1a and the other two scenarios. To differentiate between the scenarios in figure 1b,c, we calculated the differences between the northern and southern range limits of each species and the corresponding limits for the genus they belong to, and compared the median of these differences to the null distribution derived by the randomizing algorithm described above. All analyses were carried out in R STATISTICAL ENVIRONMENT (R Development Core Team 2006), and further details are provided in the electronic supplementary material.
RESULTS
For the global data, age and species richness of a genus are both significantly and positively related to its northern range limit (table 1; multiple R 2 Z0.18, nZ711). Age, however, has a very small effect compared with species richness as revealed by the changes in Akaike weights as each variable is removed from the full model (table 2) . By contrast, only species richness is significantly correlated with the southern range limits of genera for the global dataset (table 1; multiple R 2 Z0.25, nZ711). For the NE Pacific, the results for the northern and the southern range limits are qualitatively similar to the global results (tables 1 and 2). However, the total variance explained by richness and age is much smaller along this coast than in the global data (for the northern limits, multiple R 2 Z0.05, and for the southern limits, multiple R 2 Z0.06; nZ366). Finally, for the W Atlantic, the age of a genus is not significantly related to either its northern or southern limits but the species richness of a genus is positively related to both (tables 1 and 2). In contrast to the NE Pacific, the W Atlantic variance explained by multiple regression is comparable to the global data (for the northern limits, multiple R 2 Z0.12, and for the southern limits, multiple R 2 Z0.20; nZ319). In all cases, the variance inflation factor is less than 2, indicating that the collinearity between age and richness is unlikely to be a problem in these analyses (Bowerman & O'Connell 1990) .
For the NE Pacific, the northern range limits of species within a genus are significantly closer to one another than expected if species were distributed randomly within the genera (observed test statistic is 8.58, p!0.001). Similar clustering is also evident for the southern range limits (observed test statistic is 78, p!0.001). The results are not affected if monotypic genera are excluded from the analyses ( p!0.001 in both the cases). The same results also hold for the analyses at the family level ( p!0.001 for both the northern and the southern limits). Estimates of the variance components show that most of the variation in range endpoints is accounted for by phylogenetic (taxonomic) grouping. For the northern range limits, 60 per cent of the variance is associated with genus membership and 24 per cent with family membership. Similarly, for the southern limits, 54 per cent of the variance is associated with the genus level and 15 per cent with the family level.
The results for the W Atlantic are qualitatively similar to those for the NE Pacific, with both the northern and the southern range limits of species within genera and within families being significantly closer to each other than would be expected in the absence of phylogenetic effects ( p!0.001, in all cases). However, the variance components are partitioned differently for this coast, with much less of the variation accounted for by taxonomy. For the northern limits, 22.7 per cent of the variance is associated with the genus level and 13.8 per cent with the family level. For the southern limits, 21.3 per cent of the variance is associated with the genus level and only 5.7 per cent with the family level.
For the northern range endpoints, metrics of the phylogenetic signal ( Freckleton et al. 2002; Blomberg et al. 2003 ) are moderate to high in the NE Pacific (lZ0.32, KZ0.78) and somewhat lower in the W Atlantic (lZ0.11, KZ0.53). Non-parametric tests for the phylogenetic signal (Blomberg et al. 2003 ) are significant ( p!0.001) for both the coastlines.
The median difference between the range limits of species and the genus they belong to is significantly smaller than expected in the absence of phylogenetic effects for both the northern (observed test statisticZ68, p!0.0001) and the southern limits (observed test statisticZ48, p!0.0001) for the NE Pacific taxa. For the W Atlantic, the test statistic is highly significant for the northern range limits (observedZ118, p!0.0001) but marginally so (observedZ288, pZ0.05) for the southern limits.
DISCUSSION
Previous analyses have shown that the genera of marine bivalves tend to originate preferentially in the tropics and over time extend their range limits polewards with the older taxa reaching further towards the poles (Goldberg et al. 2005; Jablonski et al. 2006b; Roy & Goldberg 2007) . The analyses presented here are consistent with this 'out of the tropics' dynamic (see below) but they also find an interesting asymmetry in the behaviour of the northern versus the southern range limits of genera. Older genera have more poleward northern limits on a global scale, as well as along individual coasts, but age is not a significant correlate of the southern range limits. The reason for this asymmetry is unclear but could result from different processes being responsible for setting the northern versus the southern ranges of taxa (MacArthur 1972; Jablonski & Valentine 1990 ). We also cannot rule out the possibility that the asymmetry reflects poorer sampling of the southern oceans (see Clarke et al. 2007) . However, for the majority of taxa used here the southern range limits are in the comparatively well-sampled Northern Hemisphere and so some of this asymmetry is likely to be real. More importantly, our results show that the correlation between the age and distributional limit, when it exists, is largely due to increased species richness in older clades rather than being a direct effect of age. In fact, for the global data, species richness emerges as a much stronger correlate of distributional limits of the genera than does age (see also Krug et al. 2008) .
The range limits of marine bivalve species show significant phylogenetic conservatism at both the genus and family levels (figure 2; also figure 3 in the electronic supplementary material). Our estimates of K are similar to those previously documented for morphological, lifehistory and physiological traits (Blomberg et al. 2003) . Estimates of l for our data are lower but still comparable with those for ecological characters ( Freckleton et al. 2002) . While these estimates should be interpreted with caution given the crude and largely unresolved phylogeny used here, they do suggest that the phylogenetic signal in range limits may be substantial in marine bivalves. The strength of the effect and how variation in range limits is partitioned among taxonomic levels also clearly differs between the NE Pacific and the W Atlantic coasts. Overall, the nested ANOVA as well as the estimates of l and K suggest a stronger phylogenetic signal in the NE Pacific than in the W Atlantic. These differences presumably reflect interoceanic differences in compositions of species assemblages as well as the past and present differences in environmental conditions. Furthermore, the range limits of species and the genus they belong to are significantly closer to each other than would be expected by chance, but again the interoceanic differences are present with the concordance much higher in the NE Pacific than in the W Atlantic.
Marine biogeographers have long known that species range limits tend to cluster in certain areas, marking the boundaries between the biotic provinces and subprovinces (Valentine 1966; Roy et al. 1998; Briggs 1999; Spalding et al. 2007; Reaka et al. 2008) . Many of these boundaries coincide with the convergences between major water masses or other changes in coastal oceanography (Valentine 1966; Spalding et al. 2007) , and both the theoretical models (Gaylord & Gaines 2000; Byers & Pringle 2006) and empirical studies (Doyle 1985; Gilman 2006 ) suggest that such barriers to dispersal may be important determinants of the range limits of some marine species. Our results indicate that the responses of species to such barriers are, in part, determined by their phylogenetic affinities; if barriers affected all species equally then the analyses above would not have found conservatism of range limits at the level of genera and families. Thus, for marine bivalves, traits that determine the dispersal abilities of species are likely to be conserved at the level of genera and to a lesser extent the families. The specific traits involved remain poorly known, but for broadcast spawning species they should include those that enhance the transport and survival of larvae in the plankton as well as attributes that lead to postsettlement growth and survival (Morgan 2001; Sanford et al. 2006) . Rafting of adults may also be significant in some clades, particularly at smaller body sizes, another trait that has a strong phylogenetic component (e.g. Smith et al. 2004) . Physiological tolerances have also been shown to be important determinants of the range limits of some marine species (Tomanek & Somero 1999; Stillman & Somero 2000) . In some groups of intertidal gastropods and crabs, closely related species have been shown to have similar physiological tolerances (Tomanek & Somero 1999; Stillman & Somero 2000) but such information is still scarce for most species. There is, however, a growing interest in measuring the physiological traits across large spatial scales with the aim of integrating ecological physiology with macroecology. Such macrophysiological studies (sensu Chown et al. 2004) are being undertaken for both marine and terrestrial organisms Chown et al. 2004; Compton et al. 2007; Osovitz & Hofmann 2007; Deutsch et al. 2008; Tewksbury et al. 2008) and these data, analysed in a phylogenetic context, should be useful for exploring the interactions between the evolutionary history, physiology and range limits.
The finding that the range limits of living bivalve species show a phylogenetic signal strongest at the genus level but detectable even at the family level, supplements and illuminates previous findings on the historical underpinnings of the present-day bivalve biogeography. The Cenozoic Era witnessed a general cooling trend during which tropical climates retreated equatorward, interrupted by local climatic optima as during the Eocene and the mid-Miocene and by warm interglacial episodes during the Pleistocene (Zachos et al. 2001) . The fossil record indicates that during the last 11 Myr most bivalve genera originated in the tropics, and their persistence there helps to explain the formation and maintenance of the latitudinal diversity gradient ( Jablonski et al. 2006b ). Over time, the range limits of many of these genera extended poleward even as high latitudes cooled. In fact, 75 per cent of today's polar bivalve genera also occur in the tropics, and many of these are likely to have originated in tropical waters (Goldberg et al. 2005) . These poleward extensions of the genus range limits probably occurred mainly through speciation since less than 1 per cent of bivalve species extend from the tropics to the poles, and the more widely distributed genera tend to have more species in each climate zone (and in each province), including the tropics, than the genera that are more restricted geographically (Krug et al. 2008) . These patterns are consistent with the results shown here, with distributional limits of the genera correlating more strongly with species richness than with genus age. The phylogenetic conservatism of range limits leads to wideranging lineages having clusters of species within the biogeographic provinces, with a few extending across these major boundaries. This pattern suggests a diversitydependent dynamic, with the chance of breaking the phylogenetic conservatism (presumably through larger than the usual divergences of the underlying traits during speciation) increasing with the number of speciation events. This probabilistic model is further supported by the fact that the difference between range limits of species and the limits of their genus tends to be positively correlated with the species richness of the genus but not with the age of the genus. For example, for the NE Pacific species in the Northern Hemisphere, the median difference in the northern limits is significantly correlated with species richness ( p!0.0001) but not with age ( pZ0.68). A positive relationship between the richness of a genus and the median difference in range limits is expected from sampling, but taxonomic clustering of range limits should make the slope shallower than expected from sampling alone. We estimated the slope expected in absence of taxonomic clustering by randomizing the taxonomic affinities of individual species and repeating the regression 1000 times. The observed slope (0.74) is indeed significantly shallower than that expected from sampling alone (95% confidence interval of the expected slope is 0.77-1.2). Thus, the general phylogenetic conservatism of range limits holds irrespective of the species richness of the genus (table 3) , but as more species are added to a genus, there is evidently more opportunity for niche and dispersal-related traits of the species to diverge and the pattern becomes closer to figure 1c than to figure 1b. Macroevolutionary history clearly plays a role in determining the range limits of marine bivalve species, but the spatial scale and/or the phylogenetic level at which such factors are most important remains poorly explored. Here, we focused on large spatial scales involving large numbers of species from most of the major bivalve lineages, with the distributional data for individual species resolved at a moderately coarse resolution. We suspect that the phylogenetic conservatism of range limits is likely to be most evident at these macroecological scales with population-level mechanisms becoming more important for setting distributional limits at local scales (e.g. Gross & Price 2000) . Similarly, given that speciation and extinction rates differ substantially among taxa, the degree to which range limits are phylogenetically conserved is also likely to vary among the living genera and families and may even be absent in some. Both simulation studies and empirical analyses have already demonstrated such scale dependence (both spatial and taxonomic) of phylogenetic conservatism for community structure (Cavender-Bares et al. 2006; Kraft et al. 2007) . Furthermore, detection of phylogenetic conservatism becomes more difficult for clades and /or assemblages with smaller numbers of species since the power of the statistical tests declines with sample size (Kraft et al. 2007) . So, for marine bivalves, tests of phylogenetic conservatism of range limits at finer spatial and taxonomic scales than attempted here will require better phylogenetic resolution at the level of individual genera and better spatial sampling, especially in the tropics and the southern oceans.
For the vast majority of marine and terrestrial species, the processes determining distributional limits remain unknown. Given the complex interactions between the organismic traits and the biotic and abiotic environments involved in setting range limits, this situation is unlikely to change in the near future. On the other hand, such knowledge is essential for addressing a number of realworld problems, from the responses of species to climate change to the success and spread of introduced species. The assumption that the traits involved in setting range limits are phylogenetically conserved is common in predictions of how the distributional limits of species will change in response to future climate change (Peterson et al. 1999; Wiens & Graham 2005; Jeschke & Strayer 2008) , but without explicit tests it is impossible to know how well the assumption holds for various groups. Finally, we note that it remains an open question whether macroevolutionary history plays a similar role to that seen here in setting the range limits of terrestrial animals, where long-distance larval dispersal and recruitment dynamics, key components of marine population biology, have virtually no analogues (Paine 2005) . Comparative analyses using better-resolved phylogenies and across different groups of marine and terrestrial organisms are needed to understand how evolutionary history constrains the distributional limits of species and lineages.
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